Evidence for Great Holocene Earthquakes
Analogies with other subduction zones suggest that great earthquakes could emanate from the Cascadia subduction zone (Fig. 1) , in which the Juan de Fuca plate has slipped beneath the North America plate at an average Quaternary rate of 3 to 4 cm per year (1). But no earthquake of the past 150 to 200 years in the states of Washington or Oregon has exceeded magnitude 7.5 (2), and Indian legends seem too ambiguous to indicate whether great Northwest earthquakes occurred before that time (1). Only geologic evidence is likely to reveal whether great earthquakes from the Cascadia subduction zone have occurred and, if they did, whether enough time has elapsed since the last event for another to be expected soon.
In this report I consider Cascadia's seismic potential in light of geologic evidence for recurrent coastal subsidence. This approach, new to the Pacific Northwest and seldom used elsewhere, yields strong evidence that great earthquakes have occurred in the Cascadia subduction zone during the past 10,000 years (the Holocene) (3, 4).
Coastal subsidence commonly accompanies a great subduction earthquake. The coseismic subsidence, in a chiefly onshore belt flanked by a mostly offshore zone of coseismic uplift, apparently results from elastic extension within and behind the seaward-lurching part of the continental plate (5, 6). Washington's outer coast conceivably could undergo either uplift or subsidence during a great Cascadia earthquake (Fig. 2) . But westernmost Washington apparently lacks Holocene marine terraces indicative of coseismic uplift (7). Therefore, any great Three points tend to confirm that great subduction earthquakes triggered the cycles of submergence and shoaling in Washington. 1) Nothing other than rapid tectonic subsidence readily explains the burial of the peaty layers. Deposition during floods and storms should promote emergence of a coastal lowland, not submergence to the level of T. maritima salt marshes. Filled tidal creeks commonly produce bodies of sediment that are thicker and less conformable than the mud beds that buried the lowlands (Fig. 3C) . Shaking-induced settlement, although consistent with the sagging of peaty layers and thickening of intertidal mud over the soft Holocene fill of a Pleistocene valley, does not explain why intertidal mud buries the peaty layers where they lap onto stiff Pleistocene deposits of the valley's sides (Fig. 3, B and C) . Purely isostatic and eustatic submergence during the late Holocene should have been sufficiently gradual to permit the high parts of tidal marsthes to build apace with rising relative sea level, thereby producing homogeneous tidalmarsh peat many meters thick. Such peat is present on many mid-latitude coasts (15), Puget Sound included (16), but not at the sites that I studied within 20 km of Washington's outer coast. Late Holocene submergence along Washington's outer coast was punctuated by jerks of tectonic subsidence that prevented the continuous maintenance of high-level tidal marshes.
2) Tsunamis probably coincided with at least three of the episodes of rapid tectonic subsidence. A great subduction earthquake usually produces a great tsunami (17) . The tsunami from the great 1960 Chile earthquake deposited sheets of sand on two or more Chilean lowlands in the belt of coseismic subsidence (13) . Similarly at Willapa Bay, a thin sandy interval mantles each of at least three buried lowlands among otherwise sand-free deposits. The most accessible of these sandy intervals forms a sheet (maximum thickness, 7 cm) that extends 3 km up the valley from the bayward edge of the buried marsh surface that it covers. This sheet disappears landward (Fig. 3B) and also becomes generally thinner and finer grained in that direction-a sign of a bayward source (Fig. 3A) . Found only on buried lowlands, the sheet-like sandy intervals do not imply great storms or exotic tsunamis, for these events need not coincide with rapid tectonic subsidence at Willapa Bay. But approximate coincidence with Willapa Bay subsidence should be expected of tsunamis from great earthquakes in the Cascadia subduction zone.
3) Tectonic subsidence during great subduction earthquakes could reconcile rates of short-term uplift with rates of long-term uplift in westernmost Washington. The uplift measured at tide gages and bench marks (2 to 3 mm per year average during the past 50 years) is much faster than that inferred from Pleistocene marine terraces (<0.5 mm per year average during the past -100,000 years) (18). But these rates need not conflict if, as part of cyclic earthquake-related deformation (19), coseismic subsidence (like that inferred from the buried lowlands) has nearly negated cumulative interseismic uplift (of which tide-gage and bench-mark uplift would be a modern sample).
Jerky Holocene submergence at Washington estuaries thus strengthens the hypothesis that a future great earthquake could emanate from the Cascadia subduction zone. The number and shallow depth of buried lowlands at Willapa Bay (Fig. 3C ) may mean that at least six such earthquakes have occurred since sea level approached its present position on mid-latitude coasts, that is, since 7000 years ago (20) . The earthquake ruptures, if really from events of magnitude 8 or greater, should have extended coastwise for at least 100 km (21) . This corollary can be tested by determining the coastwise extent of individual episodes of coseismic subsidence. Another testable corollary is that shaking during the postulated earthquakes should have caused the liquefaction of Holocene coastal-lowland sand (22) . If buried lowlands prove coeval for coastwise distances greater than 100 km, and if sand proves to have vented onto some of these lowlands at the start of burial, then the chronology of jerky submergence could be used to constrain the current probability of a great subduction earthquake in the Pacific Northwest.
